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DETERMINATION  OF  EQUATSON-OF-STATE  PARAMETERS  FOR 

FOUR  TYPES  OF  EXPLOSIVE* 


Abstract 


The  detonation  parameters  of  a 
representative  of  each  of  four  typos  of 
commercial  explosive  (a  mixture  of 
ammonium  nitrate  and  fuel  oil,  commonly 
called  ANFO,  a traditional  9tick  dynamite, 
an  aluminized  slurry  blasting  agent,  and  a 


nonaluminizad  slurry  blasting  agent)  were 
determined  experimentally  by  instrumented 
cylinder  and  hemisphere  teats.  The 
equation-of-state  parameters  for  each  of 
the  materials  were  then  calculated  by 
using  the  J-W-L  oquation  of  state. 


Introduction 


The  research  described  in  this  report 
is  pare  of  u program  developed  by  the  Army 
Corps  of  Engineers  and  fundod  by  the 
National  Sclents  Foundation.  The  full 
program  is  directed  toward  tho  development 
of  blasting  technology  in  general.  It 
includes  hydrodynamic  calculations  of 
explosion  effects,  followed  by  testing  at 
experimental  and  full-scale  levels.  The 
goal  is  to  produco  guidelines  for  blast-hole 
burden  and  spacing,  detonation  timing,  lift 
height,  and  stemming  specifications. 

The  part  of  the  program  reported  here 
was  done  by  the  Organic  Materials  Division 
(OMD)  of  Lawrence  Livermore  Laboratory, 

The  Corps  of  Engineers  requested  that  OMD 
applv  a suitable  equation  of  state  to 
samples  from  four  categories  of  commercial 

*Prepared  for  the  U.S.  Army  Corps  of 
Engineers,  with  the  support  of  the  National 
Science  Foundation. 


explosives  and  blasting  agents:  1)  a mix- 

ture of  assnesium  nitrate  and  fuel  oil 
(ANFO) , 2)  a stick-type  dynamite,  3)  a 

nonoluminized,  water-resistant  blasting 
a^ont,  and  A)  an  aluminized  water-resistant 
blasting  agent. 

A survey  of  the  current  explosives 
market  was  mode,  and  the  commercial  products 
that  appeared  most  promising  for  our  pur- 
poses were  selected.  Me  performed  experi- 
ments which  consisted  of  making  measurements 
on  a detonating  explosive  charge  of  the 
sample  material  confined  by  a mass  of 
metal.  The  data  from  these  experiments 
were  used  in  computer  calculations  to 
determine  the  valueB  of  the  parameters  In 
a suitable  equation  of  state  describing  the 
gaseous  detonation  products  of  each  of  the 
four  composi  explosives.  The  equotion- 
of-stato  results  were  then  used  as  input 
for  hydrodynamic  calculations  simulating 
blasting  in  rock  environments. 
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Available  Explosives  and  Selection  Criteria 
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Tho  Army  Corps  of  Engineers  required 
tests  on  samples  from  four  categories  of 
explosive  or  blasting  agent.  They  provided 
two  simple  guidelines  for  choosing  explo- 
sives within  the  four  categories!  1)  a 
detonation  pressure  of  50  kbara  or  more 
and  2)  continuing  availability  of  tho 
material.  Ue  were  given  the  responsibility 
for  evaluating  the  candidates  and  making 
the  final  choices. 

In  the  survey  of  the  market  of  com- 
mercial blasting  agents  and  explosives,  it 
was  found  that  thare  is  an  abundance  of 
products:  dry  blasting  agents,  slurry 

blasting  agents,  slurrv  explosives,  and 
dynamites,  packaged  in  every  conceivable 
way,  from  sausage  casing  to  pump  truck, 

Tho  traditional  nitroglycerin  dynamite  is 
being  phased  out  of  production  bv  most 
companies  because  of  its  expense  and 
hazardousness. 

Commercial  blasting  agents  and  explo- 
sives arc  formulatod  and  packaged  to  do 
specialized  jobs.  Besides  the  well-known 
mining  "permissiblos with  their  cooler 
flames  and  less  noxious  gases , there  are 
3oismological  blasting  agents,  some  for 
U3c  under  dry  conditions  and  others  for 
wet  conditions!  there  are  small-diametor 
cylinders  for  presplitting  (for  either  wet 
or  dry  situations):  there  are  formulations 
that  resist  deactivation  duo  to  high  bore- 
hole pressure:  there  are  formulations  that 
are  specifically  for  use  in  small-diameter 
holes;  there  are  formulations  with  long 
shelf-lives. 

Many  of  these  formulations  evolved 
through  trial  and  error  in  the  field:  very 
few  have  been  performance-tested  extensively 
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or  precisely  in  the  laboratory.  Often 
there  is  minimal  quality  control  of  tho 
Ingredients,  sc  that  purity  and  particle 
size  vary  from  lot  to  lot.  The  carbonaceous 
ingrodionts  often  vary  in  typo,  depending 
upon  availability  and  price.  A company's 
offerings  may  substantially  change  from 
year  to  year;  in  the  recent  past,  more 
products  have  been  withdrawn  from  the 
market  than  have  been  added.  Often  a prod- 
uct will  keep  the  same  brand  name  but  will 
vary  in  conpo3ition  from  time  to  time. 

Commercial  establishments  have 
universally  designated  their  explosive 
formulations  as  proprietary  and  are  reluc- 
tant to  give  out  such  information.  Since 
this  information  was  essential  to  our 
study,  soma  products  had  to  bo  eliminated 
as  candidates  because  formulation  informa- 
tion was  not  forthcoming.  A list  of  all 
currently  available  commercial  explosives 
is  given  in  the  Appendix,  Most  companies 
list  some  basic  data  other  than  ingredients 
about  their  products:  density,  unconfined 
detonation  volocity  at  one  diameter,  bubble 
energy  or  total  energy,  otc.  This  is 
included  in  the  Appendix. 

The  products  used  in  tills  study  were 
chosen  for  conformity  to  tho  Corps  of 
Engineers'  requirements  and  for  experi- 
mental feasibility,  which  ontaiiod  shot- 
test  reliability  and  reproducibility, 
homogeneous  loading,  nnd  closeness  to 
"ideal"  detonation  behavior. 

The  criterion  of  ideal  behavior 
deserves  elaboration.  Commercial,  blasting 
agents  are  composite  explosives,  not 
homogeneous  explosives.  Upon  detonation, 
only  a fraction  of  the  material  in  the 


reaction  zone  is  converted  to  reacted 
products  (mostly  gaseous)  in  thermodynamic 
equilibrium.  The  remainder  of  the  material 
resets  over  un  extended  time,  resulting  in 
s lower  but  more  sustained  pressure.  This 
is  in  contrast  to  a homogoucouo  explosive 
such  ns  nitromothane,  in  whioh  all  the 
vnreeotod  material  in  the  reaction  zone  is 
convorted  to  products  within  a vary  short 
time  as  the  shock  wave  traverses  the 
it.  Serial.  It  is  almost  certainly  a fact 
of  nature  that  no  explosive  is  truly  idcAl 
in  its  detonation  behavior?  however, 
explosivos  such  as  nltromo thane  can  exhibit 


behavior  which  io  ideal  to  within 
experimental  error.  A groat  many  com- 
plications tan  bo  avoided  by  applying 
on  equation  of  stato  to  a material  which 
behaves  nearly  ideally.  Particle  aize 
and  charge  diameter  Influence  the  degree 
to  which  o particular  formulation 
approaches  Ideal  detonation  behavior. 

Thus  we  restricted  our  choice  of 
explosive  or  blasting  agent  to  those  for 
which  the  manufacturer's  litorature 
indicated  maximum  ideality.  (Ideality  is 
discussed  in  greater  detail  in  the 
eoction  on  equation  of  state.) 


Explosive  Selection 


ANFO 

As  the  ammonium-nit rato-and-fuei-oil 

(ANFO)  blasting  ngout,  wo  chose  a prilled 

ANFO  from  Gulf,*  NCN-100  blasting  agent, 

which  consisted  of  N-IV-grade  prilled 

ammonium  nitrate  (AN)  and  No,  6 dioool 

fuel  oil  (FO).  Recent  work  using  this 

material  indicated  it  to  bo  a reasonable 
1 2 

candidate.  ’ Moat  ammonium  nitrate  prills 
on  the  market  are  similar,  although  some 
contain  an  adduct^  to  prevent  tho  solid- 
solid  phase  change  which  occurs  nt  33° C. 

All  prtli3  ore  coated  with  an  antienking 
agent  and  can  be  crushed  to  the  degree 
necessary  to  attain  the  dostrad  bulk 
density. 


♦Reference  to  a company  or  product  name 
does  not  imply  approval  re  cummer  da  Hon 

of  the  product  by  tho  University  of  Cali- 
fornio or  the  U.S.  Energy  Research  & 
Development  Administration  to  the  exclusion 
of  others  that  wav  be  suitable. 

.f. 

' Di ammonium  phosphate,  boric  acid,  and 
ammonium  sulfate. 


The  prills  ere  mixed  with  No.  6 dioool 
fuel  so  that  the  resultant  ANFO  1b  94% 
ammonium  nitrate  and  62  fuel  oil  by  weight. 
The  Gulf  N-IV  prills  had  a density  of 

3 

0.88  g/cm  , were  coatod  with  0.43-0.882 
Kaolin  to  prevent  caking,  and  had  a mixture 
of  particle  sizes. 

DYNAMITE 

There  were  several  good  candidates 
for  the  stick  dynamite  sample:  Du  Pont 

Rod  Cross  50X  Extra,  Atlas  602  Extra  Dyna- 
mite, Trojan-U.S.  Powder  602  nitroglycerin- 
sensitized  ammonia  dynorolte,  and  Hercules 
Unigel.  He  chose  Unigol  because  it  hod 
more  of  the  smaller  ammonium  nitrate  parti- 
Cia.s  than  tho  other  candidates,  had  a low 
sodium  nitrato  content  (sodium  nitrate 
roduces  detonation  temperature,  and  there- 
fore reduces  pressure) , was  a water-resistant 
gel,  and,  as  far  ss  could  be  determined, 
would  continue  to  bo  produced  in  the  future. 


NONALUMINUUD  SLURRY  BUSTING  AOENT 

For  the  nonnlumlniBod  slurry  explosive 
or  blasting  agent,  wo  chose  Du  Pont  l’ourvox 
Extra.  Vie  were  interested  lit  developing 
aquation-of-Gcnto  parameters  for  this 
relatively  now  product,  whioh  Du  Pont  offovod 
as  a replacement  for  dynamite.  It  contained 
n monornethylamina  nitrate  (MMAN)  sensitizer, 
a substance  not  before  widely  used  in  this 
capacity.  Originally  we  had  wanted  to  trv 
Tovex  530,  but  able  is  a stiff,  almost 
solid  gal;  in  order  to  easily  load  ear 
cylinders,  we  switched  to  Pourvox  Flxtfe, 
which  is  Che  pourable  equivalent  of  Tovex 
550.  BacauBo  this  product  was  a reletivoly 
now  development , obtaining  the  necessary 
proprietory  compositional  date  was  a long, 
affortfu*  procoas. 

ALUMINIZED  SLURRY  BUSTING  AGENT 

wo  Roioctou  Atlas  Aquanal  for  the 
aluminized  slurry  blasting  agent.  The 


usual  Dlurry  blasting  agent  or  slurry 

explooivoo  wore  thickoned  by  a gum  gelling 

ayatom  und  by  a high  concentration  of 

undiooolved  nolidc.  Tho  Aquanal  slurry 

was  an  emulsion,  where  microscopic  coils 

of  water  und  dissolved  axidiaer  suits  woro 

suspended  in  a continuous  medium  of  waxy 

oil  containing  dispersed  olr  bubbles  and 
3 

aluminum.  Particle  oiea  was  meaningless 
in  this  system.  Unoonflned,  in  3B.l-mm 
diameter,  this  amulsion  was  reported  to 
detonate  rtlinblv,  with  very  high  vtlocities. 
The  performance  was  reported  to  be  vmah 
closer  to  ideal  than  that  of  the  usual 
aluminized  slurry,  however,  after  receiv- 
ing this  material  wo  were  informed  that  tho 
proferrad  wax  used  in  the  emulsion  was  in 
short  supply  and  that  a nonpreferred  wax 
had  therefore  boon  substituted/'  This  sub- 
stantially Changed  the  performance  of  tho 
blasting  agent,  »#  wo  describe  in  subse- 
quent sections. 


Explosive  Performance 


Performance  parameters  woro  obtained 
from  events  recorded  during  detonation  of 
un  explosive  charge  confined  by  mo  cal. 
Detonation  velocity  and  metal-wall  motion 
were  measured  in  sealed  metal-acceleration 
experiments  in  which  explosive  composition 
and  density  were  accurately  known.  Scalirg 
of  the  experiments  was  made  possible  by 
changing  charge  diameter  while  maintaining 
a constant  ratio  of  wotal  moDs  to  explosive 
mass.  An  ideal  explosive  will  exhibit  n 
constant  rate  of  energy  release  over  a 
wide  range  of  diameters.  The  decrease  in 
rate  of  energy  release  at  smaller  diameters 


is  s measure  of  tho  nonideolity  of  the 
explosive . 

Aluminum  spheres  and  copper  cylinders 
woro  uaod  as  test  hardware.  The  oxplosive- 
to-metnl.  maus  ratio  in  the  aphoro  tost  is 
16.2  times  that  In  the  cylinder  test.  The 
direction  of  propagation  of  tho  explosive 
shock  wave  is  normal  to  tho  wall  of  tho 
sphoro  and  parallel  to  tho  cylinder  wall. 

For  those  reasons,  plus  the  greater  diver- 
gence in  spherical  geometry,  the  sphere 
test  reflects  the  presume  history  primarily 
in  tho  early  expansion  of  the  high-explosive 
product  gaeos.  Tho  cylinder  test,  on  the 
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other  hand,  provldoo  a slowly  expending 
system  which  is  move  sensitive  to  later 
behavior.  Table  1 aumsoriBes  the  dimen- 
sions of  tho  prociolon  metal  containers. 


Table  1.  Test  hardware  dimensions. 


Type 

Inside 

diameter 

(mm) 

Wall 

thioknoss 

(mm) 

If 

Cylinder 

30.0 

3.19? 

304. 8 

Cylinder 

101.6 

10,399 

1016.0 

Sphere 

203.2 

A.  233 

Sphoro 

A06.A 

8,467 

The  sphore-taat  container , shown  in 
Fig.  1,  consists  of  a hemispherical  oottom 
with  b cylindrical  top  section.  Tho  length 
of  the  top  section  is  somewhat  creator  than 
the  radius  of  tho  hemisphere.  Tho  precision 
cover  permits  accurate  pooitioning  of  tho 
booster  cavity  in  the  center  of  the  hemi- 
sphere. Tho  void  remaining  in  the  booster 
cavity  after  tho  booater  has  boon  installed 
is  filled  with  floko  TNT  to  provide  on 
approximate  density  match  with  tho  oxplo- 
aivo  being  tooted.  Teonuso  detonation 
volocity  wan  not  measured  precisely  in  tho 
sphere  tost,  an  eatimnto  wno  t from 
streoking-camarn  records. 

Both  detonation  velocity  and  metal- 
wall  motion  were  measured  precisely  in  the 
cylinder  tost.  The  cylinder-teat  config- 
uration is  shown  In  Fig.  2.  Detonation 
velocity  was  mcasurod  by  obtoinlng  times 
between  measured  sots  of  shorting  pins. 

Two  pin  rings  containing  six  pine  each 
wore  located  215  mm  apart  on  the  50.0-mn 
(2-in.;  cylinder  and  A 57  won  opart  on  the 
101.6-mm  (A-irt.)  cylinder. 


Fig.  1.  Spharo-toot  hardware. 


Data  on  detonation  velocity  and  density 
art  presented  in  Table  2. 

To  obtain  motol*wn!l  velocity,  each 
teat  was  '"lowed  by  two  streaking  cameras 
and  one  framing  earners  Tho  diagnostic 
arrangement  is  shown  in  Fig.  3.  When  both 
otroaking-esmero  records  wore  of  acceptable 
quality,  they  wore  averaged  together. 

Table  3 presents  tho  radius  - woll- 
voiocity  histories  of  ail  shots  fired  in 
the  series.  Table  A reprooents  the  radius  - 
time  historieo.  All  shots  have  been  sealed 
to  o 25, A -uw  cylindor  diamotor  or  a 203.2- 
mro  sphere  diamotor  by  simple  division. 

The  larger  sphere  and  cylinder  tests 
reported  hero  are  among  the  first  performed 
at  Ll.l.  Because  motal  motion  in  those 


A 
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Cylinder*  OFMO  copper,  A$TM«Q~I07, 
density  » 8,93  g/em 


Pig.  2.  Cylinder-test  herdvaro. 

large  shots  tokos  place  over  a relatively 
long  poriod  of  time,  cme  of  the  more  impor- 
tant new  requirements  for  theoo  shots  woo 
ft  light  source  of  longer  durntton  than  could 


bo  obtained  from  an  argon  condlo.  A special 
final*  tube,  with  a light  pulao  several 
milliseconds  in  duration,  was  chosen.  This 
change  required  a cerice  of  dry-run  photo- 
graphs to  docorminn  lona-atop  and  filter 
limitations.  The  light  in tenuity  from  tho 
flash  tubo  was  much  lowor  than  from  an 
argon  candle . lor  this  reason,  film 
emulsions  of  lower  density  waro  tolerated 
in  order  to  maximise  the  sharpness  of  the 
image. 


Table  2.  Detonation  velocity  nnd  density 
of  explosives  ns  tested  in  oylindi.r 
and  sphere  experiments. 


Notorial 

Tost 

Detonation 

velocity 

(nW\*s) 

Density 

(g/cm3) 

ANFO 

101.6-nm 

cylinder 

3.090 

0.702 

203.2-tm 

sphere 

4,7° 

0.783 

406. 4-mm 
sphere 

5,3° 

0.782 

Uni gel 
dynamite 

50. 8-nun 
cylinder 

3,477 

1.294 

101.6-rom 

cylindor 

5.761 

1.262 

Aquannl 

30 . 8 -nun 
cylinder 

- 

1.43 

101.6-m 

cylindor 

3.7^1 

1.43 

P our vex 

50, 8»rau 
cylindor 

— 

1,364 

101 . 6-wm 
cylinder 

6.326 

1.364 

aF.otimotoo 

records. 

obtained 

from  otroiikinp- 

camera 

53,8-em  x 50,8-cm 


of  cylinder  ihoi 


Fig,  3,  Typical  tost  con figuration. 


Equation  of  State 


To  make  predictive  calculations  rcgotd- 
ing  the  performance  of  an  explosive,  ic  io 
necessary  to  have  o suitable  equation  of 
nente  for  the  gaoeouo  products  of  dotona- 
tion.  When  the  equation  of  state  of  tho 
detonation-product  gaosa  is  known,  the 


onorgy  of  these  goons  may  bo  oxproasod  ae 
a function  of  their  proaouro  and  volume. 
Tho  experimental  and  calculation^  methods 
uaed  to  develop  nn  oquution  of  state  for  u 
high  explosive*  are  throughly  doacrib*  ,t  in 
Ref.  5. 
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Table  J.  Radius  - vaH-velecity  Materiel  of  cylinder  and  sphere  testa. 


«-pf) 

( OK) 

K*H  vc 

Aoclty,  Vu  (oe/hs)  _ 

0| 

dynamite 

iViunnnl 

Pourvea 

101, 6-bo 
ay  Under 

•0),  2-fco 

<^0tl , ^•|EM 

apharo 

50,8-ra 

cylinder 

101.6-cm  40.8-r»  10l,6*wn 

cylinder  cylinder*1  cylinder 

50.6-svs 

cylinder 

>01 . 6-fc» 

cylinder 

6 

0.704 

1.231 

1.322 

0.957 

1.01) 

0.745 

0.996 

0.96) 

2 

0.333 

1.363 

1 . 269 

0.982 

1.0)8 

0.  771 

1.014 

1.000 

8 

0.745 

1.303 

1.  K>t 

1.000 

1.058 

0.795 

1.038 

1,015 

9 

0.36  A 

1.141 

1.341 

1.016 

1.076 

0.617 

1,041 

1.020 

10 

0.300 

1.337 

1.368 

I.O30 

1.093 

0,037 

1.054 

1.042 

n 

0.796 

1.409 

1.593 

1,044 

1.106 

0.844 

1.065 

1,056 

u 

0,  MO 

1.63A 

1.414 

1.053 

1.119 

0.669 

1.076 

1,069 

13 

0.033 

1.AJ3 

1.434 

1.070 

1.119 

0.861 

1.085 

l.ono 

14 

0.831 

1.466 

1.453 

1.060 

1.1)8 

0.890 

1.093 

1,089 

15 

0,830 

1.477 

1.473 

1.090 

1.147 

0.89J 

1.099 

1.005 

16 

Q.845 

1.486 

1.491 

1.099 

1.151 

0,  *04 

1.104 

1.099 

if 

0.053 

1.498 

1.509 

1.108 

1.159 

0.«12 

1.108 

1,102 

m 

0.850 

1.512 

1.537 

1.117 

1.164 

0.920 

i.ni 

1.104 

19 

0.866 

1.539 

1.545 

1.123 

1.171 

0.929 

l.u) 

1,106 

30 

0.071 

1 ,348 

1.562 

1.124 

1.136 

0.938 

1.116 

1.083 

33 

1.587 

1.598 

1.134 

1.187 

0.954 

1.123 

1.115 

3A 

1.613 

1.623 

1.196 

0 962 

1.1)2 

1.1*4 

36 

1.63A 

1.648 

1.20) 

0.967 

1.143 

1.1)1 

38 

1.671 

1.209 

1.148 

1.138 

30 

1.692 

1.231 

1.150 

1.144 

33 

1.712 

1.2)0 

1.151 

)A 

1.712 

lu 

1.711 

"50.8- 

■ms  and  101, 

,6-ssa  cylinder  teats 

have  boon  acclod  to  23.4-aa  cylinder  toatii 

406. 4-m  sphere  testa 

have  been  scaled  to  203.3-nsi  sphere  toils. 

**A  low  level  of  reaction  use  abaorved  In  this  test.  Wall  ration  was  uorv  altw. 


It  muat  bo  notad  time  moot  onuationn 
of  atato  apply  to  idoal  detonations.  Ao 
mentioned  before,  n compoaito  nonidoal 
oxploaivo  douonatoo  in  auch  a way  ns  to 
convert  only  a fraction  of  tho  roactanto 
In  tho  ronction  tone  to  product!)  In  a small 
timo  ocolo.  Tba  remaining  mntoriol  roacto 
moro  olowly  (ovor  many  microaoconda) , with 
ronction  pathways  complicated  by  kinetics, 
tranaport  phonomonn,  confinement,  and 
gaomotry.  Ihfl  detonation  is  not  truly 


A reodol  which  more  correctly  dcocriboo 
tho  dotonntion  performance  of  a composite 
oxploaivo  Id  a timo-dopondcnc  ono  com- 
bining tho  fnBt  initinl  ronction  and  tho 
alow  nonideal  reaction.^  This  may  be 
aentad  n« 


P « U - F(t) } • f^V.E)  + F<t>  f?(V,E) 


who  rr 


p • uiMnauru, 


V - volume  of  producto/volumo  of 
undetonatod  oxploelvo, 

P » energy  contained  tn  composi- 
tion at  bond, 

* oquotlon  of  otato  for  foot 
initinl  reaction, 


dv 


eteauy.  Oifforcnt  detonation  velocities 
may  bo  dotectod  at  various  points  along 
tho  dotonotlon  pathway,  Tho  nonidoal 
detonation  of  composite  oxploaiveo  atlll 
quallfioa  an  a detonation  bocouoo  it  in 
shock-initiated  and  the  oxploeivo  ronction 
propagates  the  shook, 


Table  4,  Radius  - time  histories  of  cylinder  and  sphere  tests.” 


Time  (ps) 


R-Bq 

(mm) 

ANFO 

Unigel  dynamite 

Aquanal 

Pourvex 

101.6-mm 

cylinder 

203.2-mm 

sphere 

406 . 4 -inn 
sphere 

50 , 8-mm 
cylinder 

101.6-mm 

cylinder 

50.8-trtm  ^ 101.6-mm 

cylinder  cylinder 

50 . 8-rren 
cylinder 

101.6-wm 

cylinder 

6 

11 . 180 

6.136 

6.129 

8.127 

7.633 

11.292 

7.364 

7.584 

7 

12.580 

6.942 

6.931 

9.158 

8.608 

12.611 

8.358 

8.592 

8 

13.940 

7.722 

7.707 

10.166 

9.561 

13.889 

9.338 

9.585 

9 

15.265 

8.479 

8.462 

11.158 

10.498 

15.129 

10.304 

10.564 

10 

16.560 

9.214 

9.200 

12.136 

11.421 

If  .338 

11.258 

11.530 

11 

17.829 

9.932 

9.924 

13.100 

12.331 

17.520 

12.202 

12.483 

12 

19.075 

10.635 

10.637 

14.052 

13.230 

18.679 

13.156 

13.424 

13 

20.301 

11.327 

11.339 

14.992 

14.119 

19.822 

14.061 

14.355 

14 

21.510 

12,012 

12.032 

15.922 

15.001 

20.951 

14.979 

15.277 

15 

22.708 

12.692 

12.715 

16.844 

15.440 

22.070 

15.891 

16.193 

16 

23.895 

13.367 

13.390 

17.758 

16.747 

23.181 

16.798 

17.105 

17 

25.074 

14.037 

14.057 

18.664 

17.612 

24.282 

17.702 

18.013 

18 

26.242 

14.702 

14.716 

19.563 

18.473 

25.374 

18.604 

18.919 

19 

27.400 

15.360 

15.367 

20.456 

19.330 

26.455 

19.503 

19.824 

20 

28.552 

16.010 

16.010 

21.345 

20.182 

27.526 

20.401 

20.726 

22 

17.285 

17.435 

23.127 

21.875 

29.639 

22.187 

22.527 

24 

18.534 

18.521 

23.553 

31.726 

23.961 

24.313 

26 

19.769 

19.744 

25.220 

33.800 

25.722 

26.086 

28 

20.949 

\ 

26.879 

27.467 

27.848 

30 

22.139 

\ 

28.525 

29.206 

29.601 

32 

23.314 

30.156 

30.945 

34 

24.475 

36 

25.623 

a50.8-mm  and  101.6-mm  cylinder  tests  have  been  sealed  to  25.4-mm  cylinder  tests;  406.4-imn  sphere  teats 
have  been  scaled  to  203.2-mn  sphere  tests. 

low  level  of  reaction  was  observed  in  this  test.  Wall  motion  was  very  slow. 


"bf  i 


f,  = equation  state  for  com-  \ 
pletely  reacted  explosive,  \ 

F(t)  •»  a time-dependent  function 
expressing  the  fraction  of 
completion  of  the  slow 
reaction. 

We  refer  to  this  as  a two-component,  time- 
dependent  model  for  composite  high 
explosives. 

If  composite  explosives  are  carefully 
chosen  so  that  their  behavior  closely 
approximates  "ideal"  detonation,  then  the 
performance  of  such  explosives  may  be 
described  by  an  equation  of  state  like 
those  in  Ref.  5 developed  for  "ideal" 
materials  (i.e.,  a one-component  model), 
and  use  of  the  two-part  equation  may  be 
avoided. 


In  the  past,  a number  of  equations  of 

state  were  proposed  to  describe  ideal 
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high-explosive  behavior,  but  attempts 
to  use  them  to  calculate  precise  hydro- 
dynamic  experiments  proved  unsatisfac- 
tory.^’'''* This  led  to  the  development  of 
the  empirical  equation  referred  to  as  the 
.J-W-L  equation  of  state.*"  It  describes 
the  pressure-volume-energy  relationships 
of  the  products  of  detonation.  The  form 
of  the  equation  Is 


p ■ A 


(l  - #~',lV 
*(*  - #>‘R2V  ”1  • 


where  A,  B,  R^,  R^,  and  w are  constants, 
and  V is  the  relative  volume  v/Vq , the 
ratio  of  the  volume  of  gaseous  detonation 
products  to  the  volume  of  unroacted  explo- 
sive. As  can  be  seen  by  inspection,  at 
large  V (such  as  10)  and  low  p,  the  first 
two  terms  diminish  in  importance  and  the 
last  term  dominates.  At  high  p,  near  the 
Chapraan-Jouguet  (C-J)  pressure  for  the 
explosive,  the.  first  term  dominates , and 
at  intermediate  values  of  p and  V the 
middle  term  dominates  because  of  the 
relative  values  of  R^  and  R2  (A si). 

The  equation  for  an  adiabat  (isentrope) 
is  given  by 


ps  - Ae~RlV  + Be-R2V  + 
where  C ia  a constant. 


_C 

V0*1  ’ 


<2> 


It  is  assumed  that  a strong  shock  wave 
passes  through  the  material,  heating  and 
compressing  it,  causing  complete  reaction 
in  the  region  directly  behind  the  shock 
wave.  The  Hugonlot  equation 


(E  - Eq)  - 1/2  <p  + pQ)  <vQ  - v)  - 0 (3) 


(the  subscript  zero  refers  to  the  unde- 
tonated explosive)  defines  the  llugoniot 
locus  and  defines  the  thermodynamic  state 
of  the  detonation  products.  The  C-J  condi- 
tion defines  the  detonation  (i.e.,  a point 
on  the  Hugonlot): 


This  is  usually  assumed  to  be  evaluated  at 
equilibrium  composition  of  the  product 
gases . 

From  the  C-J  condition,  the  sic  e of 

the  line  tanger.t  to  the  C-J  adiabat  at  the 
2 

C-J  point  is  PqD  . Tills  is  the  same  as 


saying  that  the  derivative  (slope)  of  the 
2 

adiabat  is  PqD  . 


^ - p„D2  (-V2) 


3n 


(5) 


,-*lV  - B V-*2V  - 


Equations  (1),  (3),  and  (5)  allow  us  to 
determine  the  coefficients  A,  B,  and  C for 
a given  choice  of  R^,  Rg,  and  io  using 
experimental  data  D,  E,  V. 

All  of  these  necessary  experimental 
data  are  not  always  available.  For 
example,  accurate  calorimetric  data  are 
often  difficult  to  obtain  because  the 
calorimetry  must  be  done  on  a small  scale 
and  may  not  reflect  the  true  reactions  and 
energy  output  of  a larger  sample  of 
explosive.  Thus  the  energy  is  calculated 
by  using  the  heats  of  formation  of  the 
components. 

Another  type  of  experimental  data 
often  unavailable  is  the  C-J  pressure. 

The  C-J  pressure  must  therefore  be  esti- 
mated. This  is  done  by  using  the  equation 

v2 

pcj  * r + l * <6) 


where  the  density  (Pq)  of  the  undetonated 
explosive  is  measured,  the  detonation 
velocity  D is  measured,  and  T at  the.  C-J 
point  is  assumed  to  fall  in  the  range 
2.7  to  2.9.  This  approximation  is  found 
to  hold  true  for  most  CHHO-type  explosives. 

A few  comments  on  the  value  of  P may 
be  helpful.  In  an  adiabatic  expansion  of 
gases,  T = -[(3  In  p)/(3  In  V)],.,  and  this 
value  of  T is  by  no  means  constant  through- 
out the  expansion  of  the  gaseous  products 
of  detonation.  Initially  the  value  is 
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large:  i.e,,  there  is  a large  increase  in 
pressure  for  a slight  increase  in  volume. 
When  the  gases  are  at  high  pressure,  as  in 
the  initial  stages  of  expansion,  the 
repulsive  forces  between  molecules 
[(l/r  ) - (1/r  ),  according  to  Lennard- 

Jones]  are  especially  important.  These 
forces  diminish  rapidly  and  the  inter- 
molecular  potential  changes  curvature  with 
Increase  in  volume.  The  value  of  T shows 
a net  decrease  between  the  initial  volume 
and  some  later  large  volume. 

However,  for  an  adiabatic  expansion 
which  has  been  matched  to  experiment,  the 
plot  of  T versus  V has  two  maxima.^  The 
f.  .st  maximum  seems  to  occur  at  a volume 
corre9pov-  <xg  to  that  of  the  high-density 
product  gases  if  they  were  an  actual  solid 
crystal  lattice.  The  second  maximum  has 
not  yet  been  satisfactorily  explained. 

Since  at  large  er  'ons  the  gases 

behave  more  nearly  . j.y,  the  quantity 

-[(3  In  p}/(3  In  v .ould  approach  a 

limiting  valve  C >r  , 

P v 

In  the  j -I,  ec vet  i of  state,  at 
large  volv  " is  and  consequently 

low  i -*•  .ns,  st  term,  coE/V,  dominates 

the  behf.vioi  wivjs  functions  as  a 
poly tropic  gas  equation  of  state.  The 
polytropic  gas  equation  of  state  is  given 
by 


<r  - i)  ~ , 


V’here  again  E is  energy  per  unit  volume  and 
V is  relative  volume  (v/Vq) . The  poly- 
tropic  gas  equation  applies  in  the  case  of 
an  ideal  gas  (or  a real  gar  ■ low  pres- 
sures) . This  means  that 


Thus  T - 1 « w.  Now  T - - [ O In  p) / 

(3  In  V)]g,  and  this  value  approaches 
Cp/C^  as  the  behavior  of  the  gas  approaches 
ideal  gas  behavior  (say  at  V > 10).* 


To  use  the  J-W-L  equation,  an  initial 
guess  is  made  for  the  nonlinear  coefficients 
R^,  Rj,  and  w.  Experience  has  shown  that 
for  explosives  containing  elements  0,  H, 

N,  and  0,  Rj  “ A end  R,,  - 1 and  u has  a 
value  between  0.2  and  0.4.  For  the  explo- 
sives described  here,  p , wee  calculated 

'll 

from  Eq.  (6).  The  streaking- camera  records 
enabled  the  determination  of  relative 
energy  delivered  to  a metal  cylinder  or 
hemisphere  wall  by  the  expanding  products 
of  detonation.  This  energy  was  proportional, 
at  each  given  volume  expanrion  of  gaseous 
products,  to  Eq  - E,  where  Efl  was  the 


...  E WF 

P - 0 - 1)  v ” y- 


*For  a monatomic  gas  with  only  translational 
degrees  of  freedom,  Cv  » (3/2) R.  If  Cv 
exceeds  this  value,  then  the  gas  contains 
some  form  of  energy  in  addition  to  trans- 
lational. The  equation  for  Cv  in  terms 
of  R is 

Cv  = (3N/2)R  , 

where  3N  = number  of  degrees  of  freedom 
possible  in  the  gaseous  species,  and  N ■= 
number  of  atoms  in  the  molecular  species. 
Using  the  equation 


j»  (3N/2)R  4-  R 
C “ (3N/2)R 


one  etc,:  see  that , the  more  atoms  per 
molecule,  the  closer  Cp/Cv  approaches  1.0 
(the  monatomic  value  is  1.60).  Thus  in  a 
mixture  of  gaseous  products  of  detonation 
wheve  the  gases  are  triatomic  and  diatomic 
at  least,  a T value  at  large  expansions  of 
1.2  to  1.4  is  reasonable.  Since  T becomes 
to  4 1 at  large  expansion,  the  value  of  u> 
is  necessarily  from  0.2  to  0.4. 


n .T  .'■•rv-.-rV’? 


total  available  energy  of  the  undetonated 
explosive.  Eg  - E was  evaluated  from 


Hydrodynamic  calculations  of  the  metal-wall 
kinetic  energy  were  made  at  each  of  many 
V and  Eq  - E pairs.  The  coefficients  R^, 
r<2>  and  <e  were  systematically  adjusted 
until  the  metal-wall  velocity  at  each  V 
and  Eq  - E was  in  agreement  with  experiment. 
Typically  this  was  done  with  one  or  two 
iterations . 


Results 


J-W-L  equation  of  state  coefficients 
are  listed  in  Table  5.  C-J  pressures  were 
estimated,  and  the  energy  (Eg)  values  were 
calculated  by  using  the  composition  as  given 
by  the  manufacturers,  assuming  equilibrium 
among  the  detonation  products.  The  detona- 
tion velocities  were  measured  as  described. 

Figure  4 shows  the  energies  of  the 
expanding  gases  relative  to  the  energy  of 
nltromethane.  This  relative  energy  is 
obtained  by  comparing  the  squares  of  the 
metal-wall  velocities  at  given  expansions. 

The  performance  of  Aquanal  did  not 
conform  to  the  manufacturer's  claims  of 
high  detonation  velocity  and  stable  detona- 
tion propagating  down  to  38.1-mm 
3 

diameter  unconfined.  In  fact,  the  Aquanal 
tested  did  not  sustain  detonation  at  all 
in  a 50.8-ram  (2-in.)  copper  cylinder.  For 
this  reason,  the  cylinder  data  on  Aquanal 
are  from  the  101.6-mm  (4-in.)  cylinder 

*The  equation  for  E is  simply  the  integral 
of  the  equation  for  pg: 


only.  Its  nonstandard  performance  in  these 

tests  Is  attributed  to  the  fact  that  the 

preferred  waxes  essential  to  the  emulsified 

nature  of  the  material  were  no  longer 

available  and  more  ordinary  waxes  had  been 
4 

used  in  manufacture, 

On  the  other  hand,  Pourvex  Extra 
behaved  as  a homogeneous  HE  in  our  experi- 
ments. The  50. 8-ram  and  101.6-mm  cylinder- 
test  results  were,  when  scaled,  within 
experimental  error  of  each  other.  In  this 
case,  the  use  of  the  one-part  (ideal) 
equation  of  state  was  clearly  justified. 

The  scaled  cylinder-test  results  for 
Unigel  dynamite  did  show  the  effect  of 
charge  diameter  on  detonation  velocity  and 
on  energy  delivered  to  accelerate  the 
metal  wall.  The  101.6-mm  cylinder  had  a 
slightly  higher  detonation  velocity  and 
higher  energy,  even  though  the  loading 
densities  were  Identical. 

The  ANFO,  as  expected,  was  much  lower 
in  energy  and  detonation  velocity  than 
the  other  explosives.  Its  behavior  was 
much  less  than  ideal,  and,  as  can  be  seen 
from  the  scaled  sphere-test  results,  the 
detonation  velocity  wa9  greater  in  the 
larger  charge  diameter. 
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Fig.  4.  Cylinder-test  energy  results  relative  to  nitromethane , scaled  to  25.4  mm  (1  in,). 


Both  the  Unigel  dynamite  and  the 
ANFO,  therefore,  displayed  the  nonideal 
behavior  of  a composite  explosive.  Com- 
parison of  the  scaled  data  shows  that  the 
error  introduced  by  using  only  a one-part 
(ideal)  equation  of  state  is  small  in  the 
case  of  Unigel.  In  fact,  the  error  in 
delivered  energy  for  Unigsl,  comparing  the 
scaled  experiments,  is  leas  than  5Z. 

In  the  case  of  ANFO,  comparison  of 
the  scaled  spheres  showed  a difference  in 
delivered  energy  of  only  1.5X.  This  was 
later  shown  to  be  misleading,  but  it  was 
on  this  basis  that  a preliminary  estimate 
of  the  equation  of  state  was  made.  Two- 


copper-cylinder  test  produces  significantly 
more  (35%)  delivered  energy  than  the  rather 
lightly  confined  sphere. 

Since  the  sphere  tests  were  not  large 
enough  to  measure  the  ultimate  performance, 
and  since  only  one  cylitider  sine  was  tested, 
it  would  be  premature  to  estimate  a two- 
phase  equation  of  state  for  ANFO.  We  arc 
conducting  a series  of  large-scale 
raeasureraenta  on  ANFO  from  which  we  hope  to 
obtain  the  necessary  data  for  a precise 
two-phase  equation  of  state. 

For  estimates  of  ANFO  performance  in 
heavy  confinement,  as  in  the  101.6-mm 


dimensional  hydrodynamic  calculations  copper  cylinder  or  in  a blasting  hole,  we 

(HEMP  code)  for  the  101.6-mm  cylinder  have  have  provided  here  a one-part  equation  of 

now  confirmed  our  earlier  suspicions  that,  state  which  yields  the  measured  energy 

in  facti  the  heavily  confined  101.6-mm  delivery. 


Tabid  5.  C-J  parameters  and  J-N-L  coefficients  • 


P0  (8/cm  ) 

P (Mb) 

D (rna/vis) 

E0  (Mb,m3/m3) 


0.9123 


0.00407 


Pour vex  Extra 


0.130 


2.-893 

3.2207 

0.07769 


0.0758 


0.7519 

-0.008175 


0.007456 


0.003241 


0.00627 


0.0117 


aBased  on  energies  of  formation  of  the  calculated  (TIGER)  C-J  detonation  products.  Since 
the  products  are  principally  HjO,  co2»  an<*  N2>  c''e  v®lue  f°r  Eq  is  a reliable  estimate 
of  the  total  available  energy. 


Conclusion 


Detonation  teats  were  made  on  four 
types  of  composite  explosives  or  blasting 
agents:  Gulf  NCN-100  (ANFO),  Hercules  Unigel 
(dynamite),  Atlas  Aquanal  (aluminized  slurry 
blasting  agent) , and  DuPont  Pourvex  Extra 
(nonaluminized  9lurry  blasting  agent). 
Detonation  velocities  and  cylinder  or  hemi- 
sphere metal-wall  expansion  rates  were 
measured,  detonation  pressures  were  estimated 
(on  the  basis  of  cylinder-test  data) , end 
energies  were  calculated  from  the  composi- 
tions published  by  the  manufacturers. 

These  C-J  detonation  parameters  were 
used  to  determine  the  adjustable  coeffi- 
cients in  the  J-W-L  equation  of  state. 

The  form  of  the  J-W-L  equation  of  state 


used  here  was  a one-part,  time-independent 
one.  In  all  cases,  except  for  ANFO,  the 
use  of  such  a one-part  equation,  which 
neglected  the  slower  reaction  of  a fraction 
of  the  reactants  in  the  explosive,  was 
justified  on  the  basis  that  the  error 
introduced  was  not  sufficient  to  warrant 
the  difficulties  encountered  in  using  the 
complete  equation.  The  behavior  of  ANFO, 
however,  was  sufficiently  nonideal  to 
warrant  development  of  a two-part  equation 
of  state  in  the  future.  A one-part  equa- 
tion, sufficient  to  describe  ANFO  behavior 
under  heavy  confinement,  was  provided  for 
use  in  the  remainder  of  the  Army  Corps  of 
Engineers'  program. 


— :'"'  _ _ 
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Table  A3.  Metallized  ANFO. 


rMWMtlClily 
f etkei 


Particle  Content 

•iee  (t) 


Urge 

die* 

<5-4  in.) 

detonation  Intonation 
velocity  preaeure 

(n/a)  <kb) 


j.  Bubble 

Ltet  energy  Surface  font 

(cel/g)  (cel/g)  coating  of  AM 


Weight  Bulk 

atrength  etrengch 

(x>  <» 


aiu 

PelUte  C*Ali 
40K  AM,  4X  TO 

0,02 

PelUte  A DAL: 
«X  Al,  fCX  AM 
4X  PO,  « Al 

1.10 

Tfolan-U.S.  Powder 

Alimitol  AO 

1.20 

AlueltOl  50 

1.15 

Alualtol  50 

1.15 

Dow 

Teivrel  5 

0.95 

Terrel  4 

0.95 

Terrel  9 

0.95 

Teqprel  12 

0.95 

Tetptel  15 

0.95 

Hooeeeto 

H*Povr 
400  (Al) 

0.90 

M-Povr  500 
(Pe,  *>4) 

1.00 

WPoet  600 

(Al  Mt  ♦ 

po4> 

1.00 

Hercules 

HP  221A 

0.6 

HP  2 02 A 

0.6 

HP  2 14 A 

0.9 

HP  170A 

0.9 

4 Al  Dleeel  5000 


4 Al  Dleeel  .‘J20 


2?  1174  506 


54  1174  521 


Al 

Dleeel 

12 

4200 

P*. 

M< 

Dleeel 

#2 

WOO 

Al 

Pe. 

M4 

Dleeel 

12 

4150 

Dleeel 

12 

390C 

Dleeel 

42 

3750 

Dleeel 

42 

4050 

Dlaeel 

12 

woo 

E-2  prllla. 
100X 
cruihed 
E-2  prille 
100X 

crushed 
E-2  prille, 
100X 
crushed 


*■  V -=V JSUt  • J I C < ■' 


Table  A4 ..  Slurry  blasting  agents  and  slurry  explosives. 


5 in.  dian 

unconfineL.  F'-lctlcn 

detoneti™  nation  v BobMe  irpnct  rrictlon  Weight  Cartridge 

Density  velocity  ptcaeure  "tot  energy  Water  30-c*l  Hendulun  Shipping  strength  atrength 

Product  neae  *\d  content*  (g/Ctt3)  <a/e>  (kb)  (cal/g)  (cel/g>  Metal  Reeletence  bullet  Teet  cleee  (!)  (X) 


SMS  316* 

1.20 

3810* 

Excellent 

SMS  346 

1.22 

390Qb 

Excellent 

SMS  376 

1.25 

3990b 

Excellent 

SMS  406 

1,27 

4095b 

Excellent 

SMS  446 

1.29 

4230b 

Ai 

Excellent 

SttS  4 76 

SMS  616:  AN,  FO,  Al 
SMS  646 
SMS  676 

1.32 

4320b 

A1Q7X) 

Excellent 

3)5:  AN.  H O. 
cerbooecefiui  ful 

1.20 

3870 

Al 

Excel lent 

fuel*,  guer 
355 : '* 

1.23 

3930b 

Al 

Excellent 

375 : " 

1 25 

399  0b 

Al 

Excellent 

405 : " 

1.28 

409  5b 

Al 

Excellent 

455 : " 

1.33 

4260b 

A1(16X) 

Excellent 

724-P;  perchlorate- 
tensltlsed 

5400c 

102 

Excellent 

1 renit  a 40 

1.10 

3300d 

Al 

Excellent 

Irealtc  60 

i.*i 

?45Cd 

Al 

Excellent 

Ireaite  60 

1.14 

3600J 

Al 

Excellent 

trenex-F 
tMkelail  powder 

Iretol  DBA-22* 

1.52 

5850 

Excellent 

Gulf 

Slurran:  Al,  AN,  NOf 

-400 

1.15 

4220 

535 

550 

Al 

-605 

1.15 

4130 

572 

373 

Al 

-600 

1.15 

3940 

812 

560 

Al 

-610 

1.30 

4100 

535 

350 

Al 

-615 

1.30 

4000 

600 

313 

Al 

Slurran:  HE- 
eensltixed  NOW 

-900 

1.15 

4100 

514 

338 

-905 

1.15 

4040 

636 

420 

-909 

1.15 

3850 

636 

552 

-910 

1.30 

4360 

470 

313 

-915 

1.30 

4300 

612 

398 

Toe  Pack- 6: 
Al.  AN,  ACM 

1.30 

3710 

612 

559 

Al 

At  lee 

Aqua  ran:  NCN.  AN 

1.2 

5450 

90(95) 

639 

359 

Aquanal ; NCN.AN  ,Al 

1.2 

5450 

90(95) 

846 

396 

Al 

Aquaflo:  NCN,  AN 

1.35 

5750 

120 

649 

346 

Du  Pont 

Tovex 

100: 

eeneitlxcd. 
email  dies 

1.10 

4500* 

95 

800 

25 


Table  M (continued) 


j 


5 In.  dim 

UACWiflrtid  Data-  Friction 

detonation  nation  - Bubble  impact  Friction  Weight  cartridge 

Oan#ltv  velocity  pfveaure  rtot  enargv  Water  30-eal  Pendulum  Shipping  etrength  etrangth 

Product  n«m  and  content*  (3/cn5)  (■/•)  (kb)  (cal/*)  (cal/b)  Hetal  Roietance  bullet  Tut  dm  ( X ) (X) 


Du  Font  (continued) 
To  vast  (continued) 


1 

K - 

loo  i msb 
••niitlid* 
•m11  die* 

1.10 

4800° 

108 

900 

Pall 

A 

1 

500:  FtUtt- 
•eneitlted 

900 

I 

550i  WAK- 
eeneitind 

1018 

! 

600:  m*- 
Hnlitilld 

1136 

! 

Tovex  Extra,  pvwp/pk* 
vitar  gel 

1.37 

6100 

103.6 

672 

Pell 

8 

Tovax  Extra  A-l,  pump/ 
pit  wltit  |*1 

1.37 

6065 

105.5 

849 

Fall 

8 

i 

Pourvax  Extra, 
pourable  til 

1.33 

6004 

97 

678 

Fail 

B 

Kit  rover 

• 

100,  HCN  pun* 

M»r  tal 

1.05 

4613 

50.7 

609 

! 

200,  HCN  pwip 
water  *al:  A1 

1.07 

4/22 

54.9 

696 

Al 

» 

4 

1 

500  MCM  Pun> 
water  gal:  Al 

l.H 

4921 

62.0 

84? 

Al 

1 

i 

Tovan,  puap/pkg 

water  gal 

1.15 

5524 

71.7 

69) 

r*i! 

S 

Tovan  Extra,  pun?/ 
pkg  water  gal 

A-l 

1.15 

5348 

74.8 

874 

Al 

Fall 

8 

A- 2 

1.15 

5317 

77.0 

1056 

Al 

Fall 

B 

A- 3 

1.15 

5240 

75.8 

1279 

Al 

Fall 

B 

EL- 799,  Mall-dun  gal 

1.10 

4100* 

749 

Fall 

A 

EL-799A,  anall-dian 
1*1 

1.10 

4400* 

906 

Al 

Fall 

A 

605,  1 nt  armed. - 
die*  water  gel 

1.20 

45UO* 

781 

Fell 

A 

EL- 605a,  Interned. - 
die*,  Al,  water  gal 

1.25 

4600* 

961 

Al 

Fail 

A 

EL-8056,  interned, - 
dlnai,  Al,  water  (>1 

1.27 

4800* 

1171 

Al 

Fall 

A 

1 

EL-805C,  interned.- 
Jlaa  water  gal 

1.30 

5500* 

811 

Fall 

A 

EL- 805 D,  interned. - 
die»,  Al,  water  gel 

1.35 

4800* 

1462 

Al 

Fail 

A 

EL- 753 J,  anall-dlam 

1.25 

S250J 

692 

Fall 

A 

punp  water  gel 

EL-816  ptraliilbUi, 
1-tn.  dlen 

Treln-U.S.  Powder 
Trojel 


HR- 7:  HCN 

1.43 

6000 

50 

5b 

US-7  LV:  HCN, 
low  vlaeoalty 

1.45 

6000 

50 

58 

US-10:  UCW 

1,40 

6000 

50 

58 

US-ll:  Al,  HCN 

1.50 

6000  125 

65 

75 

I 


Table  A4  (continued) 


1 

i Protect  non*  end  content* 

Density 

(fc/cub 

5 in.  dlen 
unconfined 
detonation 
velocity 
<*/■) 

D*t*' 
net  Ion 
pressure 
<kk) 

Et.t 

(cel/j) 

Bubble 

energy 

(cal/g) 

Mitel 

Veter 

Resistance 

Friction 

lnpact 

30-csl 

bullet 

Friction 

ptndulua 

tilt 

Weight 

Shipping  strength 
elm  (X) 

CmldM 

ttrirgtli 

(») 

Hercules 

HP-222:  NCN,  Al 

I 

1,10 

(MO) 

4300 

(4300) 

60 

1035 

514 

Al 

HE 

| HP-2Ui  NCN 

MO 

<1.35) 

4200 

<4270) 

58 

693 

450 

HE 

1 HP-225:  NCN 

MO 

4200 

HE 

j Flogal  HO:  AN 

1.60 

5130 

Bi 

557 

286 

Fail 

| Flo  del : Al 

1.60 
(1« AO) 

5000 

69 

700 

350 

Fall 

B 

| Fiogelj  AH 

MO 

5250 

60 

621 

314 

Fall 

6 

; Hogel  Al-2:  NCN,  AN 

1.40 

5000 

70 

707 

357 

B 

I Dov 

HS-80-5*  NCN,  A1 

1.10 

A1(5X> 

HS-M-10:  NCN,  Al 

1.10 

Al(lOX) 

MS-M-l5l  NCN,  Al 

MO 

Ai(isi) 

MS-60-  20:  NCN,  Al 

MO 

AK20X) 

MS-80-25 : NGN,  X\ 

1.10 

A1(25X) 

NS-80-30:  NCN,  Al 

j 

MO 

AlOOt) 

“The  letters  SKS  » end  ft  siU-Pixod  slurry. 
b6-ln.  dl*Mter»  uncon'ined. 
c>ln.  dlaneter,  unconfined. 

^1-1/2-ln.  dltmeter , uncon  fired. 

*Vetv  hlph  er-eriy;  coetly;  for  testing  only. 

^ k— 1/4— In . dlamter,  unconfined, 

*2-lV4-ln.  dlorseccr,  unconfined. 
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Table  A5.  Dry  blasting  agents 


g 


rroduct  none  «d  uniuti 


5 in.  dla* 
uneonfined 

detonation  Detonation 

» velocity  pressure 

(■/a)  (kb) 


friction 

. Bubble  Weight  tulK  lnpict 

Etot  energy  Shipping  strength  strength  30-cal 

(cel/g)  (c*l/g>  Natal  Oai  (X)  (X)  bullet 


Du  Pont 


Aluvlte  li  HCN,  AN,  Al 

1.0$ 

5583 

77 

1070 

Oftld 

Aluvite  2 ! " 

1.12 

5627 

86. 8 

1404 

Oxld 

Aluvlte  5:  11 

5525 

78.1 

1078 

Oxld 

Nltrason  S* 

1.30- 

tot  o*L 

11 

1.40 

5540* 

42 

Nit risen  s-ELd 
llarculaa 

Dynatex  B:  dnt,  AH, 
coal,  fuller'*  earth 


tyriatex  g-VR:  " 

1.07 

3000 

23 

486 

243 

MO) 

Fall 

frltaxi  an,  dnt 

1.07 

2400 

14 

NCN 

Tall 

Tritex  MX:  AN,  DNT 

1.07 

2800 

20 

NON 

Fall 

Tritex  2:  NaN,  ferro- 
aillcon  AN,  DNT 

1.16 

3000 

22 

578 

286 

NCN 

55 

40 

Fall 

Vibrcnlta  B Sslaxlc: 
coal,  DNT.  AN 

1.15 

3360 

607 

Vlbronlte  B Seismic: 
coal,  Al,  AN,  fuller'* 
earth,  DNT;  high 
energy 

1.17 

4140 

750 

Vlbronlte  S Ssisnle: 
AN.  coal,  WT, 
fuel  oil 

1.17 

3660 

607 

Vlbronlte  S-l  Selaslc: 

1.17 

4320 

643 

AN,  Al,  DNT,  fuel  oil 


Atlaa 


Fteatax*:  DNT,  AN, 
coal,  Ce  stearate 

1.15 

Piiaux  A;  i«m  «■ 

•bov«,  NG-*«nilcu«d 

1.18 

Ctanlta  Dj  WT, 

1-05- 

2460  f 

16 

AN,  co«l 

1.10 

Giinita  D-l:  WT, 

0.90- 

AN,  coal 

1.02 

Glenlte  UR1:  DNT, 

1.05- 

2460f 

16 

AN,  coal,  guar, 

Ca  ataarato 

1.10 

Ttolan-ll.S.  Powder 


40  UB:  nltro  otarch 

3540h 

40 

40 

Fail 

50W»!  " 

3660h 

50 

50 

Fall 

6 OUR: 

3780h 

60 

60 

Fall 

JOUR:  " 

3990h 

70 

70 

Fall 

Stooping  Nltro  Starch 

2850*' 

20 

20 

Fall 

Trojenlis  A: 
nltro  otarch 

3000h 

66 

50 

Trojanlta  B: 
nltro  otorch 

2850h 

66 

36 

Trojenlte  C: 
nitre  otarch 

2700h 

68 

26 

Table  A5  (continued) 


5 lit,  diau 

uneonflned  Friction 

dc  tone!  Ion  Detonation  - Bubble  Weight  Bulk  lancet 

Denalty  velocity  preeaura  "tot  energy  Shipping  strength  strength  >}-cnl 

Product  neat  ami  contents  (g/cn3)  (ai/s)  (kb)  (oal/g)  (cel/g)  Hetel  elaia  (I)  (I)  bullat 


Trojel  75 1 
nltro  attreh,  A1 

5100 

Al 

60 

Trojol  7SA: 
nltro  torch,  A1 

5550 

Al 

65 

Tromax  85: 
nitre  attreh 

5850 

62 

90 

Tromnx  75: 
nltro  starch 

5550 

58 

70 

Tromnx  45: 
nltro  starch 

4500 

55 

58 

Tromnx  55: 
nltro  atarch 

4350 

58 

55 

Tromnx  45: 
nltro  atarch 

3600 

60 

50 

Tromsx  95: 
nltro  atarch 

1.66 

6150 

155 

70 

95 

Monsanto 

SON  102 

,95 

4650 

M 

920 

SCN  602 

1.05 

5400 

76 

1100 

NCN  606 

1.20 

5700 

1100 

H-Powr  100:  AN 

.90 

3900 

34 

Al 

H-Powr  400:  AN,  Al 

.90 

4200 

39 

Al 

H-Povr  500:  AN, 
F«,  P04 

1.00 

3600 

32 

M-Pour  600:  AN, 
Al,  Fe,  rn4 

1.00 

4050 

41 

*For  nali&lc  f>T06p«ctlttft,  canned. 
b2  ip.  diaiaotor. 
c2-l/2  ip.  diatr»c«r. 

JFor  sotiatc  proapicting*  Cinnod;  strongor  than  Nitraaon  S* 
*H«b  high-explosive  charge  In  noso. 

*3  in.  dUantar,  wconfined. 

®C«n  be  easily  desd-prossad  if  packed  too  hard, 
in.  dloiMtsr,  vmconfined. 
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